Abstract-Based on the transmission line approximation, three different equivalent formulations have been proposed for evaluating the interaction between an external electromagnetic field and a transmission line. The difference among these "coupling" formulations, which are summarized for the case of a lossless line, lies essentially in the representation of the source terms as a function of the external electromagnetic field components. In the paper we show that the contribution of a given electromagnetic field component is different depending on the particular adopted formulation. To show that, the three formulations are employed to calculate the voltages induced on an overhead line by a nearby lightning strike, and the contribution to the induced voltage of the various electromagnetic field components explicitly appearing in each formulation is emphasized. We conclude that it is misleading to speak about the contribution of a given electromagnetic field component to the total induced voltages without first specifying the coupling formulation one is using.
I. INTRODUCTION ASED ON THE transmission line approximation, dif-B ferent equivalent formulations have been proposed in the literature for evaluating voltages induced by an external electromagnetic field on a transmission line [1]- [3] . Each of these "coupling" formulations is expressed by means of a pair of equations involving time and space partial-derivatives of induced voltages and currents along the line plus some forcing functions, or "source terms,'' that are a function of the external electromagnetic field components [4] , [3] . The [9] and have concluded that such a field component is the major cause for the appearance of voltages induced by nearby lightning. In this paper, however, we will show that the contribution of a given electromagnetic field component is different depending on the adopted formulation. This means that statements such as the above-mentioned regarding the horizontal electric field might be misleading if not accompanied by the indication of the coupling model adopted in one's calculations. To show that, the three formulations will be employed to calculate the overvoltages induced on an overhead line by a nearby lightning, and the contribution to the induced voltage of the various electromagnetic field components explicitly appearing in each formulation will be emphasized. For convenience, the three formulations will be summarized in the next Section.
FIELD-TO-TRANSMISSION LINE COUPLING EQUATIONS
Without losing generality, let us consider the case of a lossless, single-wire overhead line located at height h above a perfectly conducting ground (see Fig. 1 ). The line is illuminated by an external tran+sient+ nonuniform electromagnetic field, the exciting field (E", Be), which is determined in absence of the overhead wire but taking into account $e presence of the ground plane. Note that the totd field ( E , g) is given by the sum of the exciting field and the so-called scattered field (@, B"), which is the field produced by the reaction of the wire to the exciting field.
Integrating Maxwell's equations along the contour path of A. Taylor, Satterwhite, and Harrison Formulation [ l ] where V(z) and I ( z ) are the voltage and currents along the line, respectively; C' and L' are the per-unit length line capacitance and line inductance.
The boundary conditions are
The second members of (1) and (2) are the source terms, which are expressed in terms of transverse magnetic induction and vertical electric components of the exciting field.
B. Agrawal, Price, and Gurbaxani Formulation 121
dV" (2) dz
where V"(z) is the scattered voltage, related to the total voltage by the following equation
I"
The term V"(z) is called the exciting (or, by some authors "incident") voltage.
The boundary conditions, written in terms of the scattered voltage are
Note that all the source terms in this formulation are expressed as a function of horizontal and vertical components of the exciting electric field.
C. Rachidi Formulation 131
where P ( z ) is the scattered current related to the total current
The term l e ( z ) is called the exciting current.
Observe that in this last formulation, the source terms are expressed in terms of magnetic excitation field components.'
m. CONTlUl3UTION OF THE ELECTROMAGNETIC D L D COMPONENTS TO THE TOTAL INDUCED VOLTAGES
Let us consider a 1-km-long, 10-m-high single-wire overhead line matched at both ends, and illuminated by the electromagnetic field radiated by a nearby lightning return stroke. The components of the exciting electromagnetic field are calculated assuming a return-stroke channel-base current typical of subsequent return strokes (peak value of 12 kA and maximum time-derivative of 40 W p s [ll] ) and using the MTL r e m stroke current model [12] . Note however, that the conclusions we will draw in this paper are independent of the nature of the transient electromagnetic source. The coupling equations pertaining to the three considered formulations are solved numerically in the time domain using the point-centered finite difference technique. The results predicted by the three coupling models are shown in Fig. 2 . In addition to the total induced voltage at the line extremities, the contributions of the electromagnetic field components pertinent to each formulation are also shown. Fig. 2 shows that, as theoretically predicted, the total induced voltage waveforms obtained using the three coupling 'It is worth noting that, ~tl pnnciple, the three above formulahons are not the only possible ones. Other couphng formulahons can be denved by algebmcally re-arranging some of the above equaaons and by t&ng into account the link given by Maxwell's equations among the various electromagnetic field components. It is possible, for instance, making use of the following relation (whch can be easily denved from Maxwell's equations) to express the coupling equations in terms of total voltage and with the source terms expressed in terms of electric field only, namely
Note that equations of the form (16) and (17) have been derived in [lo] using a low-frequency series expansion. formulations are identical. However, the contribution of a given component of the exciting electromagnetic field to the total induced voltage varies, depending on the adopted coupling formulation. For instance, for the considered case, the contribution of the vertical electric field I&, very significant in the Taylor formulation ( Fig. 2(a) ), is practically negligible when using the Agrawal equations (Fig. 2(b) ). This result is explained considering that the source terms due to the vertical electric field are not the same in the two formulations: In the Taylor formulation, the source term related to the vertical electric field acts along the whole line length, whereas in the Agrawal formulation, the vertical electric field interaction with the line is located only at the line terminations. The same reasoning can be applied to the contribution of other components, such as the transverse magnetic field By in the formulations by Taylor and Rachidi, or the horizontal electric field E,, which contributes significantly to the total overvoltage in the Agrawal approach, but does not explicitly appear in the two other formulations. The numerical example presented here illustrates that the three coupling formulations, absolutely equivalent and thus predicting the same total voltages, take into account the electromagnetic coupling in different ways, the various components of the electromagnetic field being related through Maxwell's equations. In other words, the three coupling formulations are different expressions of the same equations, cast in terms of different combinations of the various electromagnetic field components.
IV. CONCLUSIONS Based on the transmission line approximation, three equivalent formulations of field-to-transmission line coupling equations (Taylor et al., Agrawal et al., Rachidi) have been proposed. While the total induced voltages predicted by these three formulations are identical, the contribution of the various components of the exciting electromagnetic field to the total induced voltage depends upon the adopted coupling formulation. Therefore, it is misleading to speak about the contribution of a given component of the exciting electromagnetic field to the induced voltage without first specifying the coupling formulation one is using.
